Abstract. Cantharidin (CTD) induces cytotoxic effects in different types of human cancer cell; however, to date, there have been no studies on the effects of CTD on gene expression in human lung cancer cells and the potential associated signaling pathways. Therefore, the present study aimed to investigate how CTD affects the expression of key genes and functional pathways of human H460 lung cancer cells using complementary DNA microarray analysis. Human H460 lung cancer cells were cultured for 24 h in the presence or absence of 10 µM CTD; gene expression was then examined using microarray analysis. The results indicated that 8 genes were upregulated > 4-fold, 29 genes were upregulated >3-4-fold and 156 genes were upregulated >2-3-fold. In addition, 1 gene was downregulated >4 fold, 14 genes were downregulated >3-4-fold and 150 genes were downregulated >2-3 fold in H460 cells following exposure to CTD. It was found that CTD affected DNA damage genes, including DNIT3 and GADD45A, which were upregulated 2.26-and 2.60-fold, respectively, as well as DdiT4, which was downregulated 3.14-fold. In addition, the expression of genes associated with the cell cycle progression were altered, including CCND2, CDKL3 and RASA4, which were upregulated 2.72-, 2.19-and 2.72-fold, respectively; however, CDC42EP3 was downregulated 2.16-fold. Furthermore, apoptosis-associated genes were differentially expressed, including CARD6, which was upregulated 3.54-fold. In conclusion, the present study demonstrated that CTD affected the expression of genes associated with DNA damage, cell cycle progression and apoptotic cell death in human lung cancer H460 cells.
Introduction
Lung cancer accounts for ~28% of cancer-associated mortalities (1), the occurrence of which is increasing worldwide. There are ~1.2 million novel cases of lung cancer and ~1 million mortalities from lung cancer each year (2) . Lung cancer may be subdivided into small cell lung carcinoma and non-small cell lung carcinoma (NSCLC). The majority of lung cancer diagnoses are NSCLC (3, 4) , which has a five-year survival rate of ~33% (5) . At present, the standard treatment for patients with resectable stage I to IIIA NSCLC is surgical excision; however, the prognosis remains poor (6) . In addition, chemotherapy with or without surgery is not effective in the majority of cases; therefore, it is essential to identify novel compounds, including natural products, which may be employed for the treatment of lung cancer.
Cantharidin (CTD) is a component of mylabris (blister beetle), which has previously been used as a Traditional Chinese Medicine (7) . Previous studies have reported that CTD induced cytotoxic effects in leukemia stem cells (8) as well as U937 (9) , pancreatic cancer (10), hepatocellular carcinoma (11, 12) , colon cancer (13) and human lung cancer A549 (14) cells. In addition, CTD was found to inhibit the activity of protein phosphatase 2A (PP2A) (9) and heat shock factor 1 (HSF1) (15) . Furthermore, it was shown that CTD induced cell death in human colorectal cancer cells, which was suggested to proceed through inhibiting the binding of heat shock protein 70 (HSP70), B cell lymphoma 2-associated athanogene domain 3 (BAG3) and HSF1 to promoters (15) .
cDNA microarray analysis of the effect of cantharidin on DNA damage, cell cycle and apoptosis-associated gene expression in NCI-H460 human lung cancer cells in vitro
Genetic mutations in oncogenes and tumor suppressor genes are present in cancer cells (16, 17) . The development of cancer cells is well-known to be dependent on oncogenes for tumor initiation and progression; this concept has therefore been named oncogene addiction (18) . Oncogenes are commonly used as targets for drug-screening programs (19) ; however, other signaling pathways have also been examined, such as the molecular chaperone pathway (20) . The present study aimed to investigate the effect of CTD on the expression of key genes and functional pathways of human H460 lung cancer cells using complementary DNA microarray analysis. The results of the present study showed that CTD affected DNA damage, the cell cycle and the expression of apoptosis-associated genes in vitro. Differentially expressed genes were then used to generate interaction maps of signaling pathways. The epidermal growth factor and vascular endothelial growth factor receptor pathways, provided by the present study may be useful for the development of novel molecular targeted therapies against lung cancer (21) .
Materials and methods
Chemicals and reagents. Cantharidin (CTD), propidium iodide and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Minimum essential medium (MEM), fetal bovine serum (FBS), L-glutamine and penicillin-streptomycin were purchased from Gibco-BRL (Carlsbad, CA, USA). CTD was dissolved in DMSO and stored at 20˚C.
Lung cancer cell culture. The NCI-H460 human lung cancer cell line was purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan). Cells were grown in MEM containing 10% (v/v) FBS as well as 100 U/ml penicillin and 100 µg/ml streptomycin in a 37˚C humidified incubator with 5% CO 2 . Cells were then subcultured once they reached 80-90% confluence, as previously described (22) .
Complementary (c)DNA microarray assay. H460 cells were placed on 12-well plates at a density of 5x10 5 cells/well in 2 ml MEM with 10% (v/v) FBS and 2 mM L-glutamine, as well as 100 U/ml penicillin and 100 µg/ml streptomycin for 24 h. Subsequently, cells were treated with or without 10 µM CTD for a further 24 h. Cells (3x10 6 ) were then harvested and washed twice with phosphate-buffered saline (Gibco-BRL). Cells were lysed in TRIzol ® (Invitrogen Life Technologies, Carlsbad, CA, USA) and total RNA was extracted using a Qiagen RNeasy Mini kit (Qiagen, Valencia, CA, USA). RNA concentrations were determined using a Qubit™ Fluorocytometer (Invitrogen Life Technologies).
Total RNA of CTD-treated and untreated H460 cells was used for cDNA synthesis. Samples were hybridized using an Affymetrix GeneChip Human Gene 1.0 ST array (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's instructions. Sample fluorescence was quantified by Asia BioInnovations Corp. (Taipei, Taiwan), while data were analyzed using the Transcriptome Analysis Console™ 2.0 Version 2.0.0.9. (Affymetrix) with default robust multichip analysis parameters. A 2-fold change in gene expression was used as the threshold to indicate an effect on expression (7-10). An Oligo(dT) Maxime RT PreMix kit (iNtRON Biotechnology, Gyeonggi-do, South Korea) was used to reverse transcribe RNA into cDNA. The Affymetrix GeneChip ® Whole Transcript Sense Target (ST) Labeling (cat. no. 900673; 30 Rxn; Affymetrix, Santa Clara, CA, USA) assay is designed to generate amplified and biotinylated sense-strand DNA targets from the entire expressed genome without bias. This assay and associated reagents have been optimized specifically for use with the GeneChip ® ST arrays, and the probes on the arrays have been selected to be distributed throughout the entire length of each transcript. The gene list complete with Affymetrix transcript identifiers, was uploaded from a spreadsheet onto Metacore 5.0 software (GeneGo pathways analysis; http://www.genego.com). GeneGo recognizes the Affymetrix identifiers and maps the gene to the MetaCore™ data analysis suite, generating maps to describe common pathways or molecular connections between genes in the list. Graphical representations of the molecular associations between the genes were generated using the GeneGo pathway analysis, based upon processes exhibiting a significant association (P<0.05).
Gene ontology analysis. For detection of significantly over-represented GO biological processes, the DAVID functional annotation clustering tool (http://david.abcc.ncifcrf.gov) was used (DAVID Bioinformatics Resources 6.7). Enrichment was determined at the DAVID calculated Benjamini value <0.05. The significance of the overexpression of individual genes was determined using Student's t-test.
Statistical analysis.
Values are representative of three independent experiments. Differences between control and CTD-experimental groups are presented which >2-fold, where positive numbers represent upregulation and negative numbers represent downregulation.
Results
Upregulated and downregulated gene expression in H460 cells exposed to CTD. H460 cells were incubated in the presence or absence of 10 µM CTD in a 12-well plate for 24 h. Cells were then harvested and following the extraction of total RNA, RNA concentrations were determined and cDNA microarray analysis was performed in order to determine the expression of genes. The calculated upregulation and downregulation of gene expression, as determined by the microarray, are shown in Tables I and II, respectively. As shown in Table I , the results indicated that in CTD-treated H460 cells, 8 genes were upregulated >4-fold, 29 genes were upregulated >3-4-fold and 156 genes were upregulated >2-3-fold compared with expression levels in the untreated control cells. In addition, Table II indicated that one gene was downregulated >4 fold, 14 genes were downregulated >3-4 fold and 150 genes were downregulated >2-3 fold in H460 cells following exposure to CTD compared with those in the untreated control cells. The results presented in Table I demonstrated that genes associated with DNA damage, including DN1T3 and GADD45A were upregulated by 2.26-and 2.60-fold, respectively; in addition, the expression of genes associated with the cell cycle progression (check point proteins) were upregulated, including CCND2, CDKL3 and RASA4, which were upregulated 2.72-, 2.19-and 2.72-fold, respectively. Furthermore, the expression of apoptosis-associated genes was upregulated, such as CARD6, which was upregulated 3.54-fold (Table I) . By contrast, the results presented in Table II demonstrated that genes associated with DNA damage, cell cycle progression and apoptosis were also downregulated, including DdiT4, CDC42EP3 and STAT2, respectively. These genes were found to be downregulated 3.14-, 2.16 and 2.04-fold, respectively (Table II) . Overall, cDNA microarray analysis of H460 cells following treatment with CTD demonstrated that CTD induced the differential expression of numerous genes associated with DNA damage, cell cycle progression and apoptosis. Acyl-CoA, acyl coenzyme A; DEAD, (Asp-Glu-Ala-Asp). 
GeneGo analysis. A GeneGo analysis program was used to
analyze the CTD-treated NCI-H460 cells in order to determine the top scoring genes which were differentially expressed, as determined by the number of pathway networks involved. The results of the GeneGo analyses are shown in Figs. 1-3 , which reveal the top, second and third scored genes by the number of pathways, respectively. Experimental data were used to generate maps of the pathway interactions and genes which were upregulated (indicated by red circles) and downregulated (indicated by blue circles) in H460 cells following treatment with CTD. It was indicated that these genes may also be involved in DNA damage, cell cycle arrest and apoptosis-associated responses in CTD-treated H460 cells.
Discussion
CTD has been reported to have cytotoxic effects in numerous different types of cancer cell (8) (9) (10) (11) (12) (13) (14) (15) . The results of previous studies have also demonstrated that CTD-induced cell death occurred due to the induction of apoptosis in human lung cancer cells (data not shown) (23) . However, the effects of CTD on gene expression in cancer cells have remained to be elucdiated. To the best of our knowledge, the present study was the first to report on the effects of CTD on gene expression in H460 cells. Therefore, the present study not only advanced the understanding of the differential gene expression following treatment with CTD in lung cancer cells, but may additionally provide several potential biomarkers for use as future therapeutic clinical targets for the treatment of lung cancer.
It has been well documented that the tumor microenvironment, which contains matrix proteins, stromal cells and associated secreted molecules, including cytokines and associated genes, which may be used as targets of cancer therapeutic drugs (24) (25) (26) . Therefore, an increasing number of studies focus on elucidating the tumor microenvironment and associated gene expression in order to determine potential novel therapeutic agents for treating cancer patients (27) . Over the past decade, there have been numerous clinical trials of treatments for lung cancer patients, including adjuvant chemotherapy trials and neo-adjuvant chemotherapy trials (28) (29) (30) ; however, the results of these trials have not yet provided a successful, effective treatment for lung cancer. Numerous studies have demonstrated that chemotherapeutics may result in cell death through DNA damage, cell cycle arrest and the induction of apoptosis (31, 32) . In the present study, H460 cells were treated with CTD and incubated in 12-well plates, and their RNA was then isolated in order to determine which genes exhibited altered expression following treatment with CTD. The results revealed that CTD effected the upregulation and downregulation, respectively, of the expression of certain genes which are known to be associated with DNA damage, cell cycle progression and apoptosis in H460 cells.
In order to further elucidate the molecular signaling pathways associated with altered gene expression in H460 cells following exposure to CTD, GeneGo Process Networks were used in the present study in order to analyze the altered gene expression results of the microarray, in order to determine the possible signaling pathways involved. Based on GeneGo pathway and canonical pathway maps, which represent a set of ~650 signaling and metabolic maps covering human biology (signaling and metabolism) in a comprehensive way. A preset network of protein interaction characteristics for the process was used for each process, and the experimental data were mapped regarding the specific process. The obtained hypothetical molecular signaling pathways indicated that CTD affects numerous associated signaling pathways, indicated by the involvement of the differentially expressed genes in the network of the respective the signaling pathways. The gene content of the uploaded files was used as the input list for the generation of biological networks using the Analyze Networks algorithm with default settings. This is a variant of the shortest paths algorithm, with main parameters of relative enrichment with the uploaded data, and relative saturation of the networks with canonical pathways. The network provides data listing interacting proteins. In this workflow the network is prioritized based on the number of fragments of canonical pathways on the network.
In conclusion, the results of the present study revealed that treatment with CTD induced the upregulation and downregulation of numerous genes in H460 cells. In addition, these differentially expressed genes were associated with DNA damage, cell cycle progression and apoptotic cell death in human lung cancer H460 cells. The present study also revealed possible signaling pathways, which may provide more information on the possible mechanism of CTD in H460 cells; however, further studies are required.
